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A cermet-supported tubular configuration amenable to preparation by a relatively low-cost thermal
spraying process is proposed. An Al2O3-Ni cermet thick deposit prepared by flame spraying is employed
as both support tube and anode current collector. Atmospheric plasma spraying (APS) has been
employed to prepare the anode, cathode, and stabilized ZrO2-based electrolyte with the aim of reducing
manufacturing costs. Gas-tightness of the APS electrolyte has been achieved by a postdensification
process. The effects of the densification process on the gas-tightness of the plasma-sprayed YSZ elec-
trolyte and the open-circuit voltage of the SOFC have been investigated. The effects of the micro-
structures of the plasma-sprayed anode, electrolyte, and cathode on the performance of the SOFC test
cell have been investigated.
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1. Introduction

Solid oxide fuel cells (SOFCs) combine the benefits of
environmentally benign power generation with fuel flexi-
bility. Their reliable operation as high power generation
systems at high temperatures can be obtained with a
tubular design. To date, stationary SOFC units providing
powers in the range 1-500 kW have been successfully
manufactured for demonstration. Net electrical efficien-
cies of up to 50% (Ref 1) and overall efficiencies of about
70-90% have been achieved (Ref 2). However, reduction
of manufacturing costs is the biggest challenge for indus-
trial commercialization of SOFCs (Ref 3).

Atmospheric plasma spraying (APS) is regarded as one
of the most promising methods for manufacturing the
components employed in SOFCs, which comprise a por-
ous ceramic cathode and cermet anode, a dense ceramic
electrolyte layer, and an interconnector, because of its fast
deposition rate and cost-effective characteristics. Ther-
mally sprayed ceramic deposits are characterized by a

porous and lamellar structure (Ref 4). A porous fraction
ranging from a few % up to 20% can be obtained in a
thermally sprayed ceramic coating (Ref 5). Pores in a
coating will influence many of its properties, such as its
mechanical and physical properties and its overall per-
formance (Ref 4, 5). Pores in the coatings consist of
relatively large voids ranging in size from several
micrometers to several tens of micrometers and small two-
dimensional voids such as the inter-lamellar nonbonded
interfaces and vertical cracks in individual lamellae. Pores
are therefore interconnected through vertical microcracks
in individual splats in the coating (Ref 6), which permit
the passage of gas through the coating. This allows ther-
mally sprayed coatings to be employed as porous elec-
trodes in SOFCs. As a result, APS has been employed to
fabricate SOFC anodes (Ref 7) and cathodes (Ref 8).
Moreover, it has also been employed to deposit inter-
connectors (Ref 9). However, APS YSZ coatings pro-
duced by the conventional route are generally not suitable
for use as electrolytes in SOFCs due to their high gas
permeability.

With a view to employing APS YSZ as an electrolyte
for SOFCs, postspray treatments of the as-sprayed cera-
mic layer, such as sintering (Ref 10, 11) and infiltrating
densification (Ref 12-14), have been attempted. Our pre-
vious studies have shown that through impregnation
treatment at low temperature, APS YSZ coating can be
densified to a gas permeability level satisfactory for the
operation of SOFCs (Ref 12, 13). Therefore, APS YSZ
coatings can be applied as the electrolytes in SOFCs after
subjecting them to a postspray densification process.

In the work described herein, a Ni-YSZ anode, a
perovskite ceramic cathode, and a YSZ electrolyte have
been deposited by APS, and the influence of their
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microstructure on the performance of the SOFC has been
examined. The performance was tested using a Ni-Al2O3

cermet-supported tubular SOFC design. This configura-
tion was adopted to combine the advantages of conven-
tional tubular SOFCs with the high power density
characteristics of planar SOFCs (Ref 12). Another char-
acteristic of this design is that the electrodes and the
electrolyte can be easily manufactured by thermal spra-
ying. The cermet support in the SOFC cell also serves to
collect current from the anode. The composition of the
cermet can be adjusted to optimize the thermal expansion
coefficient of the support and to match it with those of the
other components.

2. Materials and Fabrication Processes

2.1 Ni-Al2O3 Cermet Support

A free-standing Ni-Al2O3 tube about 450 mm long
was fabricated by oxygen-acetylene flame spraying
(HP-2000, Xinye, Shanghai) using a powder blend of
Ni-25 wt.% Al2O3 (nickel-coated alumina powder) and
NiO-50 wt.% Al2O3 agglomerate. The weight ratio of
Ni-25 wt.% Al2O3 and NiO-50 wt.% Al2O3 in the blen-
ded powder was 50:50. The NiO-50 wt.% Al2O3

agglomerate was made of NiO and Al2O3, both of which
had a particle size of <5 lm. Oxygen and acetylene were
set at 0.5 and 0.1 MPa, respectively. The flow of oxygen
was 1 L/min and the flow of acetylene was 2 L/min. The
spray distance was 60 mm. The tube was prepared by
flame-spraying on an aluminum support to a desired
thickness, and then the Al supporting tube was removed
by alkaline dissolution.

2.2 Anode (Fuel Electrode)

Spray powders for the anode were agglomerated with
NiO of particle size <5 lm and YSZ (4.5 mol% Y2O3) of
particle size <10 lm. The agglomerated powders had a
particle size of <37.5 lm. For comparison, two powder
mixtures, consisting of YSZ/NiO and Al2O3/NiO, were
also employed.

2.3 Electrolyte

Two types of zirconia-based oxygen ion conductors
were employed as electrolytes in the SOFCs, since they
possess adequate oxygen ion conductivity and exhibit
desirable chemical stability in both oxidizing and reducing
atmospheres. One was a commercially available powder
consisting of ZrO2 stabilized by 8 mol% Y2O3 (YSZ,
10-45 lm, Fujimi, Japan). The other powder, ZrO2 stabi-
lized by 10 mol% Sc2O3 (ScSZ), was prepared by solid-
phase reaction and sintering processes. After mixing
Sc2O3 and ZrO2 in a molar ratio of 10:90 with the addition
of 0.5% Al2O3, the mixture was ball-milled for 24 h using
a YSZ cylinder and YSZ balls. The milled powder was
calcined at 900 �C for 10 h and then sintered at 1450 �C
for 10 h. The sintered powder was crushed and sifted to an
appropriate particle size range for plasma spraying.

2.4 Cathode (Air Electrode)

Lanthanum strontium manganate (LSM) perovskite
oxide was adopted as the cathode material due to its high
electrical conductivity, good chemical compatibility with
the stabilized ZrO2 electrolyte, and an acceptable thermal
compatibility with the other components in the SOFCs
under the conditions of operation (Ref 15, 16). LSM of
chemical formula La0.8Sr0.2MnO3 was prepared by a con-
ventional solid-phase sintering process by heating a stoi-
chiometric mixture of La2O3, SrCO3, and MnCO3 at
1200 �C for 24 h in air. The sintered powder was crushed
and sifted to a suitable size range for plasma spraying.

2.5 Cell Fabrication

Table 1 shows the materials and processing methods
used to obtain the different components of the test SOFC
cell. A porous Ni-Al2O3 cermet tube with a blind end and
a thickness of 800 lm was produced by flame spraying.
This supporting tube also served as the anode current
collector. A Ni/YSZ anode layer with a thickness of 25 lm
was deposited on the support tube by APS. Then, ZrO2

electrolyte layers of different thicknesses were deposited
on the anode layer by APS. The APS YSZ electrolyte
layer was densified by impregnating the coating with
yttrium/zirconium nitrate solution followed by heat-
treatment at 400 �C (Ref 13), while the APS ScSZ
electrolyte layer was densified by impregnating it with
scandium/zirconium nitrate solution. YSZ and ScSZ
deposits, both of which had been impregnated in 10 steps,
were employed as the electrolytes of the test cells. The
heat-treatment was conducted after each impregnation
step. Finally, a LSM cathode layer of thickness 20 lm was
deposited on the densified YSZ layer to construct the
single test cell. The effective area of the single test cell was
equal to the cathode surface area, which was set at 2 cm2.

Atmospheric plasma spraying was performed with a
commercial plasma spraying system (Model GDP-80,
80 kW class, Jiujing, China) using Ar-H2 plasma. The
anode and electrolyte were deposited at a power of
38.5 kW and a spray distance of 100 mm. The LSM
cathode was deposited at a plasma power of 30 kW and a
spray distance of 100 mm (Ref 17).

2.6 Cell Performance Test

A schematic diagram of the configuration of the
single cell for the performance test is shown in Fig. 1. The

Table 1 Materials and processing methods

Anode Electrolyte Cathode

Materials Ni/YSZ YSZ or ScSZ LSM
Voltage 55 V 55 V 50 V
Current 700 A 700 A 600 A
Primary gas (Ar) 0.7 MPa, 47.1 L/min
Auxiliary gas (H2) 0.4 MPa,

12.5 L/min
0.4 MPa,

12.5 L/min
0.4 MPa,

5.6 L/min
Spray distance 100 mm 100 mm 100 mm
Thickness 25 lm 40-100 lm 20 lm
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performance of the single cell was tested in a furnace with
a heating/cooling rate of 3 �C/min. The open end of the
tube extended to the outside of the furnace. Hydrogen as a
fuel was bubbled through water maintained at about
30 �C. Pure oxygen was used in the cathode. The effective
cathode area of the cell was 2.0 cm2. Platinum wire was
wound around the cathode layer to collect current. The
interval between two adjacent platinum wires was 0.5 mm.
The performance of the cell was tested at different oper-
ating temperatures.

3. Results and Discussion

3.1 Effect of Densification Treatment on the Gas
Permeability of APS YSZ and the Open-Circuit
Voltage of the Single Cell

Figure 2 shows the change of the open-circuit voltage
(OCV) with test temperature for a SOFC cell assembled
using the as-sprayed YSZ with a thickness of 100 lm as
the electrolyte. The OCV was measured using oxygen and
hydrogen gases. The maximum OCV of the cell assembled
with the as-deposited YSZ was about 0.93 V at a tem-
perature of 600 �C. Due to high gas permeability resulting
from the porous nature of the as-sprayed YSZ, which is an
inherent feature of the thermal spray process, the OCV is
significantly lower than the theoretical value. To reduce
the gas permeability, APS YSZ was densified by infiltra-
tion of a nitrate solution into the deposit followed by heat
treatment at 400 �C. The void network formed through
inter-connecting of vertical cracks in splats with the non-
bonded interface areas provides paths for the solution to
fill the voids. Nano-YSZ particles formed through the
decomposition of the infiltrated nitrate within the YSZ
during heat-treatment fill-in all of the voids, including
nonbonded interfaces and vertical cracks (Ref 18).

Figure 3 shows the effect of impregnation steps on the
gas permeability of the cell. The gas permeability through
the cell decreased with increasing number of impregnation
steps. It can be seen that the gas permeability of the elec-
trolytic layer was reduced from 1.1 9 10-6 cm4 gf-1 s-1 for
the as-sprayed YSZ to about 1.9 9 10-7 cm4 gf-1 s-1

after 5 impregnation steps, and was further reduced to
7.9 9 10-8 cm4 gf-1 s-1 after 12 steps (Ref 19).

Tsukuda et al. (Ref 20) reported the performance of a
10 kW class SOFC module. In their module, the YSZ

electrolyte was deposited by vacuum plasma spraying
(VPS). The gas permeability of the electrolyte layer

deposited by VPS was about 6.0 9 10-7 cm4 gf-1 s-1. It is
clear that after five infiltration treatments the gas perme-
ability of APS YSZ becomes lower than that of VPS YSZ,
which has found practical application in a SOFC module
displaying long-term operation up to 2000 h. Therefore,
the densified APS YSZ layer should be applicable as the
electrolyte of SOFCs.

It can also be seen in Fig. 2 that the maximum OCV of
the cell assembled with the densified APS YSZ reached
1.16 V at 700 �C and 1.10 V at 900 �C. These values are
approximately equal to the theoretical value for a cell
assembled with dense YSZ material.

Although the APS method has been adopted to fabri-
cate the anode and cathode of a SOFC because of its cost-
effectiveness, the as-sprayed YSZ coating cannot be
directly used as an electrolyte because of its high porosity.

Fig. 1 The configuration of the cell performance test

Fig. 2 Effect of impregnating treatment on the OCV of the test
cell

Fig. 3 Effect of impregnation steps on the gas permeability of
the APS YSZ coating
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The as-sprayed coating is usually sintered at a temperature
in excess of 1200 �C in order to utilize the cost-effective
method. However, a high sintering temperature will
increase the cost of SOFC fabrication and may also lead to
the reaction of YSZ with other layers. The postspray
impregnation densification treatment of APS electrolyte
at 400 �C is effective to reduce the gas permeability and
subsequently the densified APS electrolyte can fulfill the
requirement of gas-tightness of SOFC electrolyte. More-
over, compared with the as-sprayed coatings, the electrical
conductivity was improved by about 20-25% through the
densification treatment (Ref 13).

3.2 Effect of the Composition and Structure
of the Anode on the Performance of the Cell

Ni/YSZ composite is widely used as the anode material
in high-temperature SOFCs due to its excellent catalytic
properties, high thermal stability, and fairly low cost. The
polarization characteristics of the anode are highly
dependent on its microstructure. It is considered that the
anode activity can be improved through increasing the
triple-phase boundaries (TPBs) at the electrolyte/anode
interface. The active TPB length, and consequently the
performance of the cell, can be adjusted by varying the
composition and microstructure of the APS anode
through appropriate manipulation of feedstocks. Table 2
shows the compositions of three different types of anodes
that were used to investigate the effect of anode compo-
sition on the performance of the cell. The feedstocks for
Anode A and Anode B were composed of large Ni and
ceramic particles, and the two powders were mechanically
mixed to obtain the starting composite powders for
deposition of the anodes. The ceramic composition in the
composite anode provides the anode with a resistance to
sintering during prolonged high-temperature operation.
Moreover, the YSZ in the composite anode may extend
the TPB into the anode layer and increase the TPB length.
To improve the uniformity of the distribution of Ni and
YSZ particles, the spray powder for Anode C was pre-
pared by agglomeration of small NiO and YSZ particles.
NiO is reduced to active Ni under hydrogen atmosphere
prior to SOFC operation.

Figure 4 shows the test results of the performances of
the cells with different anodes. The cell assembled with
the type A anode exhibited a maximum power density of
0.15 W/cm2 at 1000 �C because of limited active TPB at
the interface between the electrolyte and the anode. It can

clearly be observed that when the ceramic constituent in
the composite anode is changed from insulating Al2O3 to
the electrolyte material YSZ, the polarization of the cell is
remarkably reduced and the maximum output power
density increases to about 0.4 W/cm2 at 1000 �C with the
type B anode. This is due to the fact that the substitution
of Al2O3 by YSZ extends active TPBs from the interface
between the electrolyte and anode into the anode.
Moreover, it was found that the cell assembled with the
type C anode exhibited a maximum power density of
0.58 W/cm2 at 1000 �C at a current density of 1.2 A/cm2.
These results clearly indicate that APS Ni/YSZ is an active
anode material for high-temperature operation of SOFCs.
Moreover, the cell performance is significantly influenced
by the microstructure of the APS anode. Therefore, the
present results indicate that the active TPBs can be further
increased through appropriate design of the APS feed-
stock for the SOFC anode.

From the results shown in Fig. 4, it can also be seen
that the cell voltage decreased linearly with increasing
current density when the current density was larger than
about 0.2 A/cm2. This means that the output performance
of the present cells is controlled by ohmic polarization at
high output current density levels. Moreover, concentra-
tion polarization was not observed, even at current den-
sities of up to 1.2 A/cm2. This result indicates that the
cermet support deposited by flame spraying and the anode
deposited by APS have enough through-thickness pores to
permit transport of the reacting gas to the active TPB zone
of the anode.

3.3 Effect of Electrolyte Ohmic Losses

Stabilized zirconia is the most commonly used elec-
trolyte material for SOFCs because of its unique proper-
ties, such as high chemical and thermal stability and pure
ionic conductivity over a wide range of conditions. How-
ever, the electrical conductivity of a stabilized zirconia
electrolyte is three orders of magnitude lower than
those of anode and cathode materials. The electrical

Table 2 Nominal compositions and manufacturing
processes of anode feedstocks

Type Compositions
Material
method

Particle
size, lm

Anode A Ni (<50 lm) +
Al2O3 (10-40 lm)

Mechanical
blend

10-50

Anode B Ni (<50 lm) +
YSZ (10-45 lm)

Mechanical
blend

10-50

Anode C NiO (<5 lm) +
YSZ (<10 lm)

Agglomerated <37.5
Fig. 4 Cell performance with different anode compositions at a
temperature of 1000 �C
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conductivity of the plasma-sprayed YSZ was furthermore
less than one-third of that of the bulk material (Ref 13).
Therefore, the ohmic loss of the electrolyte may dominate
the performance of SOFCs assembled with APS electro-
lyte. Many scientists and researchers have dedicated their
efforts to the development of thin YSZ deposition tech-
nology, applying many processing methods, with a view to
reducing the ohmic loss by the reduction of electrolyte
thickness (Ref 21). Plasma spraying is practically
employed to deposit thick coatings. Recently, attempts
have been made to deposit a thin ceramic coating by
plasma spraying to fulfill the requirements of a thin solid
electrode for SOFC operation (Ref 22-24). Henne et al.
(Ref 22, 23) showed that a SOFC assembled with vacuum
plasma-sprayed YSZ with a thickness of about 30 lm
exhibited high-output performance. Our previous study
(Ref 25) showed that the thickness of APS YSZ signifi-
cantly influences the performances of SOFCs through
ohmic polarization. Therefore, the effect of YSZ ohmic
loss on the performance of SOFCs was examined using
cermet-supported tubular SOFCs assembled with APS
YSZ of different thicknesses and APS ScSZ.

After the type C anode had been deposited on the Ni/
Al2O3 cermet tube used for the test, YSZ layers of three
different thicknesses were deposited on the anode in a
stepwise fashion. The YSZ layer thicknesses were 40, 75,
and 100 lm, respectively. They were densified through the
impregnation process mentioned previously (Ref 13). An
LSM cathode layer of thickness 20 lm was deposited on
the densified YSZ layer to assemble a SOFC single cell.

Figure 5 shows the power generation characteristics of
the cermet-supported tubular SOFC single cell with dif-
ferent YSZ electrolyte thicknesses at 900 �C. It was found
that the reduction of YSZ thickness led to an increase in
the SOFC performance despite a reduction in the OCV.
For an electrolyte thickness of 100 lm, the maximum
power density reached 0.28 and 0.47 W/cm2 at 900 �C and
1000 �C, respectively (Ref 25).

Concentration polarization did not occur, even when
the current density reached about 1.2 A/cm2. This result

indicated that the cermet support deposited by flame
spraying and the anode and LSM cathode deposited by
APS have enough through-thickness pores to permit dif-
fusion of the reacting gas to the active TPB zone of the
electrodes. When the YSZ thickness was decreased to
40 lm, the maximum power density increased to 0.51 and
0.76 W/cm2 at 900 and 1000 �C, respectively. Using
APS YSZ of thickness 75 lm, the maximum power den-
sities were 0.43 and 0.64 W/cm2 at 900 and 1000 �C,
respectively.

Since the electrical conductivity of the YSZ electrolyte is
lower than those of the other component materials, the
reduction of the electrolyte resistance achieved by reducing
the YSZ layer thickness leads to a substantial reduction of
the ohmic polarization. On reducing the electrolyte thick-
ness from 100 to 40 lm, the maximum output power density
at 900 and 1000 �C increased by about 82% and 62%,
respectively. A further reduction of the electrolyte resis-
tance can be realized by substituting YSZ with ScSZ, which
has high ionic conductivity (Ref 26).

Figure 6 shows the influence of electrolytic materials
on the maximum output power density of SOFC single
cells assembled with the APS electrolyte at a thickness of
40 lm at different temperatures. The effect of tempera-
ture on the maximum output power density of the cell
with the ScSZ electrolyte is similar to that seen for the cell
with the YSZ electrolyte. This is because the electrical
conductivity of doped zirconia electrolyte increases with
increasing temperature. The maximum output power
density reached 0.89 W/cm2 with the high electrical con-
ductivity of ScSZ electrolyte of thickness 40 lm at
1000 �C. The maximum output power density of the cell
incorporating ScSZ was clearly higher than that of the cell
incorporating YSZ.

Reducing the ohmic loss of the electrolyte layer
through reducing the electrolyte thickness, increasing the
operation temperature, and increasing the electrical
conductivity of the electrolyte obviously improved the

Fig. 5 Performance of the cell with different YSZ electrolyte
thicknesses at 900 �C

Fig. 6 Performance of SOFC single cells with different elec-
trolytic materials
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SOFC performance. However, although the ionic con-
ductivity of ScSZ bulk material is twice that of YSZ, the
improvement in the cell�s performance in terms of the
maximum output power density was only about 17%. This
further highlights the importance of optimizing the elec-
trodes in the SOFCs with the thin ZrO2-based electrolyte.
In our previous study, we established that when the
maximum output power density is increased beyond a
certain level, the output power density of the cell becomes
controlled by the electrode polarization, which is domi-
nated by the number of active TPBs between the elec-
trode and electrolyte (Ref 25). Therefore, it is necessary to
design and create more effective TPBs between the elec-
trode and electrolyte to achieve a further significant
improvement in the output performance of the present
plasma-sprayed tubular SOFCs.

3.4 Effect of APS Cathode Thickness on the Cell
Performance

Plasma-sprayed LSM was considered as a suitable
cathode material for SOFCs due to its porous micro-
structure. However, a high-performance cathode requires
appropriate porosity and high electrical conductivity.
Moreover, the thickness of the APS LSM layer may also
affect the output performance of the SOFC because the
connected porosity of a plasma-sprayed ceramic coating
decreases remarkably with increasing coating thickness
(Ref 6, 27).

Three cells were assembled with APS LSM cathode
deposited on the densified YSZ to thicknesses of 15, 50,
and 100 lm, respectively. The effect of LSM thickness on
the output performance of a SOFC single cell is shown in
Fig. 7. It can be seen that ohmic polarization was mainly
responsible for the reduction of cell voltage when the
thickness of the LSM cathode was about 15 lm. However,
for the cell assembled with an APS LSM cathode of
thickness 50 lm the concentration polarization of the
cathode becomes significant at current densities higher
than 0.3 A/cm2. This result indicates that the porosity of
the APS LSM was not high enough to permit the use of a
thick LSM layer. A thick APS LSM layer results in a
significant reduction of the maximum output power den-
sity. When the thickness of the cathode was increased
from 15 to 100 lm, the maximum power density at
1000 �C decreased from 0.72 to 0.42 W/cm2.

There are large voids, nonbonded lamellar interfaces,
and vertical cracks in individual lamellae (Ref 4). A net-
work of microcracks and nonbonded interfaces intercon-
nects voids throughout the coating, which permits reaction
gas species to pass through coating. However, the con-
nected porosity of plasma-sprayed ceramic coatings
decreases remarkably with increasing coating thickness
(Ref 6, 27). In other words, the thicker the APS LSM
coating, the more difficult gas transportation through the
coating becomes. The gas permeability can be improved
by increasing the porosity of the APS LSM deposit,
whereby the use of thick APS LSM may become possible.
However, the electrical conductivity of APS LSM
decreases with increasing porosity. Therefore, further

improvement of the cathode performance through
increasing porosity of the deposit should take into account
the electrical conductivity of the APS LSM.

4. Summary

Tubular SOFCs have been assembled by thermal-spray
techniques. A Ni-Al2O3 supporting tube was deposited by
flame spray, and the anode, YSZ electrolyte, and LSM
cathode were fabricated by APS. The effects of APS YSZ
thickness, APS anode compositions, and APS LSM cath-
ode thickness on the output performance of the SOFC cell
were investigated.

A SOFC cell incorporating as-sprayed YSZ as the
electrolyte exhibited a low OCV due to its high gas
permeability. The gas permeability of APS YSZ can be
significantly reduced by one order in magnitude by infil-
tration treatment of the porous coating using yttrium/
zirconium nitrate solutions. SOFC cells assembled with
this densified APS YSZ exhibited an OCV approximately

Fig. 7 Effect of LSM thicknesses on the output performance of
SOFC single cells: (a) the output performances of two cells with
75 lm thick YSZ and (b) effect of APS LSM thickness on the
maximum power density
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equal to the theoretical value. The result indicates that the
densification to APS YSZ electrolyte using the present
postspray densification treatment makes it applicable to
SOFC.

The performance of a SOFC strongly depends on the
APS composite anode microstructure. It can be signifi-
cantly improved by designing YSZ-NiO composite feed-
stock powder in such a way as to increase the active TPB
length.

The performance of a SOFC is also remarkably influ-
enced by the conductivity and thickness of the APS YSZ
electrolyte. It has been found that decreasing the elec-
trolyte thickness and increasing its electrical conductivity
led to enhanced performance of the SOFCs. The maxi-
mum output power density of about 0.76 W/cm2 at
1000 �C was obtained when the YSZ electrolyte thickness
was reduced to about 40 lm. When APS ScSZ was used as
the electrolyte, the maximum output power density was
increased to 0.89 W/cm2 at 1000 �C owing to the higher
electrical conductivity of ScSZ compared to that of YSZ.
Moreover, it was observed that when a thick APS LSM
cathode was employed, concentration polarization of the
cathode became significant.
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